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L 
SUMMARY 

The present investigation was undertaken to determine the effects 
of changing the plan form from circular to elliptical and the effects 
of irregularities in the ground on the thrust augmentation of a dis- 
continuous annular jet in ground proximity at zero forward speed. 

The results indicate that appreciable thrust augmentation can be 
obtained with a discontinuous annular jet but the augmentation decreases 
with increasing percentage of open area in the jet curtain. Thrust 
aumentation is obtained with elliptical plan forms but this augmenta- 
tion is less than that of a circular plan form of the same circumference. 
Surface irregularities decrease the thrust augmentation with the jet 
very close to the ground. 

IIJTRODUCTION 

Recent work (refs. 1 to 4, for instance) has focused attention on 
the thrust augmentation of an annular jet. At zero forward speed the 
thrust. experienced by an annular jet can be considerably greater than 
the momentum of the air being ejected from the jet at heights above the 
ground equal to a small fraction of the overall diameter of the annulus. 
This added thrust results from the above ambient pressure of the air 
trapped between the center body and the ground by the curtain of high- 
velocity air from the annulus. 
curLLsin of air m z s t  curve outward as it a2proaches the ground. The 
centrifugal force imparted to the curving jet balances the pressure 
buildup under the base. Thus, as the device is brought closer to the 
ground, the curvature of the curtain must increase with an accompanying 
increase in the pressure on the base and the resulting increase in total 
thrust. 

As pointed out in reference 3, the 

The present exploratory investigation was undertaken to study some 
effects of variables in the jet geometry on the thrust augmentation in 
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proximity t o  the  ground a t  zero forward speed. 
w a s  the determination of t he  e f f e c t  of having an incomplete c u r t a i n  and 
t h e  e f f ec t  of e l l i p t i c a l  p lan  forms. Some e f f e c t s  of irregularities 
i n  ground surface are included. 

Of p a r t i c u l a r  i n t e r e s t  

SYMBOLS 

T t h r u s t ,  l b  

h height  above ground, f t  

D outside diameter of annulus, f t  

nozzle base p l a t e  area Ab 

C circumference of annulus, f t  

j e t  flow area  A j  

Z depth of t rench or c l i f f ,  f t  

Subscripts : 

m measured 

C ca lcu la ted  

m ground board removed 

MODEL AND APPARATUS 

L 
6 

3 
a 

The general  arrangement of t he  apparatus i s  shown i n  figure l ( a ) .  
The annular j e t s  ( f i g .  l ( b ) )  were made by s i l v e r s o l d e r i n g  12 indiv idua l  
nozzles t o  the  periphery of a s t e e l  p l a t e  of des i red  p l an  form. 
construct ion made it r e l a t i v e l y  easy t o  change the  p l a n  form o r  t o  
change the spacing of t he  air  nozzles.  The 12 nozzles were made by 
f l a t t e n i n g  the  ends of pieces  of 3/4-inch-diameter tubing t o  form 

3 1/16-inch-wide s l o t s .  The r e s u l t i n g  s l o t s  were 1- inches long and 
64 

had a cross-sect ional  area about one-eighth t h a t  of t he  b a s i c  tube.  
Twelve of t h e s e  nozzles s i l v e r s o l d e r e d  t o  the per iphery of an approxi- 
mately 5-inch-diameter p l a t e  produced an annular j e t  made up of 12 j e t s  
occupying 80 percent of the  periphery and 12 open gaps,comprising 

This 

e. 

3 
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20 percent of the periphery. 

is referred to as a 20-percent open nozzle. 

For convenience the jet configurations 
U are identified by the percentage of open perigliei->-. Thz zbsve exezp!~  

High-pressure air was fed to the individual nozzles by 12 plastic 
tubes which were connected to a plenum chamber. 
was mounted on a strain-gage balance, as shown in figure l(a), so that 
thrust could be measured. 
flexible hoses oriented so that they did not affect the thrust readings. 

The entire assembly 

Air was fed to the plenum chamber by long 

The calculated momentum thrust of the nozzles was determined from 
the measured mass flow and jet velocity by the expression 

where w is the mass flow in slugs/sec and Vj is the jet velocity in 
ft/sec calculated from the jet total pressure assuming isentropic expan- 
sion to atmospheric pressure. A l l  tests were restricted to ratios of 
nozzle total pressure to atmospheric pressure of about 2.0. 

The total pressure of the air ejected from the jet with the ground 
* board in place was determined from a static-pressure measurement in one 

of the 3/4-inch-diameter tubes. 
only one tube to measure the total pressure, the total-pressure distri- 

ground board removed. 
edge orifice plate flow meter located in the incoming line. 

To determine the feasibility of using 

bution of the air jets was surveyed with a small pitot tube with the 
The mass flow was measui-ed with a standard sharp- 

The ground was simulated by a sheet of plywood approximately 3 feet 
square which could be easily moved with respect to the nozzle. The 
trench and cliff were simulated by adding blocks of the desired thick- 
ness to the plywood ground board. 

RESULTS AND DISCUSSION 

The zero-forward-speed characteristics of the present circular con- 
figuration are compared with the results for configuration A 

t 

A. 
*b 

annulus, 2 = 0.04 in figure 2. The results are presented in two forms: 

the ratio of thrust at a particular height to the measured thrust with the 
ground board removed Tm,h/Tm,m 
ured thrust to calculated momentum thrust of a circular nozzle 

(fig. 2(a)) and the ratio of the meas- 

Tm/Tc 
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( f i g .  2 ( b ) ) .  The second form T,/T, i s  prefer red  because the  base 
lo s ses  a r e  accounted f o r ,  as shown by the  f a c t  t h a t  t h e  r a t i o  i s  con- 

s iderably l e s s  than  1 a t  k = m .  D 

Several d i f fe rences  between the  r e s u l t s  obtained i n  t h e  present  
i nves t iga t ion  and those f o r  conf igura t ion  A of re ference  1 a r e  apparent 
i n  f igure  2 .  The present  da t a  ind ica t e  a hump i n  the  curve a t  a height  
of about 0.4D which w a s  no t  present  i n  the  da t a  of re ference  1. 
t h e  d iscont inui ty  i n  t h e  curve of re ference  1 a t  a he ight  of 1.6~ could 
no t  be found i n  t he  present  i nves t iga t ion  although s p e c i a l  care  w a s  
taken t o  loca t e  such a d i scon t inu i ty .  
ground e f f e c t  due t o  suc t ion  pressures  on t h e  base i s  much g r e a t e r  with 
the  present configurat ion.  A l l  t he se  d i f f e rences  i n  the  r e s u l t s  a r e  
apparent ly  due t o  the  d i f f e rence  i n  the  r a t i o  of j e t  a r e a  t o  base a r e a .  
Comparison of the  da t a  of t he  present  i nves t iga t ion  with the  r e s u l t s  of 
t he  unpublished inves t iga t ion  using approximately the  same r a t i o  of j e t  
a r e a  t o  base a rea  ind ica t e s  l i t t l e  d i f f e rence  between a continuous and 
the  20-percent open discontinuous cu r t a in .  

Also, 

W t h e r ,  l o s s  i n  t h r u s t  out  of 

(See f i g .  2 (b )  . )  

The e f f e c t  of increas ing  the  percentage of open a r e a  i n  t h e  j e t  
cur ta in  i s  shown i n  f igu re  3 .  These r e s u l t s  were obtained by c u t t i n g  
o f f  the supply of a i r  t o  appropr ia te  nozzles as ind ica t ed  i n  f i g u r e  3. c 

Thus, the gap s i z e  w a s  not cons i s t en t  f o r  a l l  t he  arrangements shown. 
Large increases  i n  the  percentage of open a rea  i n  the  j e t  c u r t a i n  
decreased the  augmentation f a c t o r  appreciably.  & 

There a r e  some bas i c  d i f f e rences  between t h e  flow phenomena 
observed on the  present  discont inuous-curtain configurat ion arid t h a t  
observed with a continuous c u r t a i n .  With a continuous cu r t a in  the  high- 
ve loc i ty  exhaust must  be de f l ec t ed  outward as it approaches the  ground. 
The pressure between the  base p l a t e  and the  ground i s  exac t ly  balanced 
by the  cen t r i fuga l  force  on t h e  j e t  shee t  as it i s  de f l ec t ed  outward. 
With the 20-percent open annulus the  j e t  shee t  was not  de f l ec t ed  out- 
ward but, wi th in  the  range of he igh t s  t e s t ed ,  impinged on the  ground 
board d i r e c t l y  below the  j e t  e x i t s .  When an air j e t  s t r i k e s  a surface 
perpendicular t o  it, the  j e t  spreads equal ly  i n  a l l  d i r e c t i o n s .  Thus, 
a considerable p a r t  of t he  exhaust from the  20-percent open annulus w a s  
def lec ted  inward between t h e  base p l a t e  and t h e  ground board.  It could 
escape again, however, through the  open p laces  i n  t h e  j e t  cu r t a in .  
These open places ,  however, a c t  as o r i f i c e s  and t h e  flow through them 
experiences a pressure drop r e s u l t i n g  i n  an increase  i n  pressure  of 
t he  air  t rapped beneath the  model. 
c u r t a i n  i s  capable of containing a pressure  and producing a t h r u s t  
augmentation. 

Thus, even an incomplete annular 
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Effect of Plan Form 
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A comparison of the results obtained at zero forward speed with 
those of discontinuous jets of circular and elliptical plan forms is 
presented in figure 4. 
to have the same circumference as the circular jet so as to maintain 
the same momentum thrust for all nozzles. 
tion results from distorting the circular plan form into an ellipse 
partly, at least, because of the reduction in plan-form area. However, 
appreciable augmentation is obtained even with a 4-to-1 elliptical plan 
form with the jet very close to the ground. 
because the mass flow through the nozzles was not measured in these 
tests, the results are presented as the ratio of thrust to measured 
thrust at 

For these tests the elliptical jets were built 

Some loss in thrust augmenta- 

It should be noted that, 

- h -  - 00. 
D 

Effects of Irregularities in Ground 

The effects at zero forward speed on the thrust augmentation of a 
discontinuous annular jet over a partially elevated surface simGlating 
a cliff are shown in figure 5. 
(0.1D) resulted in some loss in augmentation with the jet very close to 
the ground. 

Even the minimum discontinuity tested 

The limited data available here indicate %hat the surface irregular- 
ities will have to be very small with respect to the nozzle diameter if 
appreciable thrust-augmentation factors are to be realized. Additional 
investigations with smaller irregularities and with the nozzle closer 
to the ground than in the present investigation will have to be made 
before the limiting amount of surface irregularity can be defined. 

CONCLUSIONS 

The results of the present investigation of the characteristics of 
discontinuous annular jets at zero forward speed indicate the following 
conclusions: 

1. Appreciable thrust augmentation can be obtained in ground prox- 
imity with a discontinuous annular jet. 
open area in the jet curtain, however, decreased the thrust augmentation. 

Increasing the percentage of 

2 .  Changing the plan form of the discontinuous jet from circular 
to elliptical, with the same circumference, decreased the thrust 



augmentation somewhat; however, appreciable  t h r u s t  augmentation w a s  
obtsined even with a 4-to-1 e l l i p t i c a l  p lan  form with t h e  j e t  very c lose  
t o  t h e  ground. 

3. I r r e g u l a r i t i e s  i n  t h e  sur face  of t he  ground reduced t h e  t h r u s t  
augmentation with t h e  j e t  very close t o  t h e  ground. 

Langley Research Center, 
National Aeronautics and Space Administration, 

Langley F ie ld ,  V a . ,  August 21, 1959. 
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( a )  General arrangement. 

Figure 1.- Arrangement of model. A l l  dimensions are i n  inches.  
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(b) Plan forms studied. 

Figure 1.- Concluded. 
. 
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